This study aims to investigate the causality and dependence structure of gold shocks and Asian emerging stock markets. The positive and negative shocks of gold prices are quantified, and Granger causality-based Vector autoregressive and Copula approaches are employed to measure the causality and contagion effect, respectively, between the positive and negative gold shocks and Asian emerging stock markets' volatilities. In addition, the nonlinear link between gold and stock markets is of concern and this motivates us to propose a Smooth Transition Dynamic Copula that allows for the structural change in time-varying dependence between gold shocks and Asian stock markets' volatilities. Several Copula families are also considered, and the best-fit Copula model is used to explain the correlation or contagion effects. The findings of the study show that there is some significant causality between gold shocks and Asian stock markets' volatilities in some parts of the sample period. We also observe a stronger correlation during the global financial crisis when compared to the pre-and post-crisis periods. In addition, the tail dependence is found between Indian stock and negative gold shock and between Korean stock and negative gold shock, which indicated the existence of the risk contagion effects between gold and these two stock markets.
Introduction
The Asian emerging stock markets have become increasingly integrated with the global economy in recent years, particularly after the launch of the Emerging Markets Asia Index. The size of these Asian economies covers 20% of the world economy. It is well known that the stock market is important in the development of the Asian emerging economies, as the businesses could issue their shares to mobilize capital from the public investors. Thus, the Asian stock market indices are considered to be a leading indicator of the health of the Asian emerging economies. Nowadays, many investors have considered these emerging markets as the alternative markets for investment, which can provide an excellent opportunity for gaining a higher profit. Although these markets can offer higher gains to investors due to rapid economic growth, they also provide a higher investment risk due to commodity price volatility, economic and financial uncertainty, and an ongoing slowdown in the world economy [1] . This indicates that the Asian emerging stock markets may expose the investors to various risks.
Nguyen et al. [2] and Pastpipatkul, Yamaka, and Sriboonchitta [3] suggested investing in the gold market since gold is generally perceived as a reliable asset and a safe haven commodity hardly hit by the macroeconomic storms to handle and mitigate the risk in the stock market, especially during the extreme market downturn. However, as a commodity, gold's price depends on the industrial supply when compared to the static Copula. The Dynamic Copula framework is extended by Silva Filho, Ziegelmann, and Dueker [29] and Fei, Fuertes, and Kalotychou [30] to accommodate time-varying dependence and non-linearity. They constructed the Markov Switching Dynamic Copula (MSDC) model to measure the dependence structure of the financial contagion. There are several advantages in adopting this approach. First, the crisis and non-crisis periods can be detected by the Hidden Markov process of Hamilton's filter [31] . Second, it is more efficient in capturing the structural change of the dynamic dependency structures among different markets. However, the existing MSDC Copula model is likely to have two marked limitations. First, the MSDC model assumes the first-order Markov chain, i.e., the current state variable depends on its immediate past value. Nevertheless, this assumption is not likely to hold as the long memory of the regime change might exist. Additionally, the model incorporates less prior information regarding the switching process. The switching process then might not reflect the real non-linear structure of dependence between financial variables. Second, the transition function of the MSDC relies on a filtered probability and it does not incorporate the threshold variable. Thus, the information about the threshold point or breakpoint in the MSDC is unavailable [32] .
This study introduces both methodological and empirical contributions to the literature to deal with the limitation of the MSDC. In the former, we apply the logistic transition function of Silvennoinen and Teräsvirta [33] to the dynamic copula model and propose a smooth logistic transition copula. The appealing feature of this model is its ability to capture the gradual changes and the sudden transition of the dependence patterns. This method will allow for the dependence structure between random variables to vary across different regimes. This dependence measure resembles the threshold (or change point) and smooth parameter. To this end, the Smooth Transition Dynamic Copula model is proposed in this study.
Through summarizing the previous literature, there are various methods that are used for testing causality, and investigating the contagion effect, and each method has its advantages and disadvantages. Methodologically, the present study investigates the causality using the Granger causality test based on the VAR model, and proposes using the Smooth Transition Dynamic Copula model to explore the contagion effect. Furthermore, all of the studies reviewed above concerning the impact of gold on the stock market use gold price, gold return, or gold volatility as a proxy, which might not yield the accurate results. If the tail dependence between gold and stock exists, these proxies will not be able to explain extreme market events properly. Hence, it is of interest to address the positive and negative gold price shocks to find out whether they have different or asymmetric impacts on stock volatility in the stock markets.
The following three aspects mainly reflect the overall contribution of this paper. First, we consider the Granger causality test to examine the causality of risk spillover effect between gold shocks and the Asian emerging stock markets' volatilities. It is not clear whether the Asian emerging stock market volatility is being anticipated by gold price shocks or the gold price shocks are just a consequence of the Asian emerging stock markets' volatility. To disentangle these effects, a Granger causality analysis of the stock volatility and different lags and leads to gold price shocks would be very informative. Second, we propose a Smooth Dynamic Copula model to describe the nonlinear and asymmetric dependency structure, as well as to obtain the lower tail coefficients, which can adequately depict the risk of the contagion effect. Using the tail coefficients to measure the risk contagion from gold shocks to different Asian emerging stock markets is also an innovative approach of this study when compared with previous studies. Additionally, by investigating the variables' tail dependence, we can gain more information to assist governments to make an appropriate economic policy and help investors to get better risk-return combinations in their portfolio diversification. Thirdly, many scholars, often focusing on the advanced stock markets, have already explored the relationship between the volatilities of gold and stock returns. However, in this study, we attempt to explore whether or not the gold shocks (positive and negative) will give out any contagion effect on the Asian emerging stock markets.
Data and Methodology

Data
In this study, we consider ten emerging stock markets that are ranked the highest on the basis of their market values. We use weekly time series of gold price and 10 Asian emerging stock indexes of Korea (Korea Composite Stock Price Index; KOSPI), Thailand (Stock Exchange of Thailand Index; SET), China (Shanghai Composite Index; SSEC), Indonesia (Jakarta Stock Exchange Composite; JKSE), India (S&P BSE SENSEX; BSESN), Vietnam (Vietnam Ho Chi Minh Stock Index; VNI), Philippines (Philippine Stock Exchange; PSE), Saudi Arabia (Tadawul All Share Index; TASI), Qatar (Qatar Exchange Index; QE), and Hong Kong ( Hang Seng Index: HSI) throughout 1 January 2001 to 31 December 2018. We took all of the information from every Friday of the week. For weeks that the stock market was closed on Friday, we use the information on Thursday. All of the stock indexes and gold prices are collected from www.investing.com. Returns of gold and stocks are calculated by taking the first difference of the natural logarithm of price and index. Table 1 presents the descriptive statistics of the weekly gold price and the 10 stock market returns. It can be seen that the gold price and Indonesia's stock return show the highest average return (0.0033), followed by India's stock return and Qatar's stock return, respectively. The gold price has the highest standard derivation (0.2470), followed by the stock returns of Vietnam and Saudi Arabia. This finding suggests that gold price has the largest fluctuation and gold is riskier than the Asian emerging stocks. Negative skewness and high kurtosis values are observed in all market and gold returns, which indicated the fat tails in the return distributions and the non-normality of the data series. The Augmented Dickey-Fuller (ADF) test is employed to examine the stationarity of the data series, and the result indicates that all stock and gold returns are stationary. 
Methodology
In this study, we defined the contagion effect as the co-movement of shocks and volatilities [34] . Therefore, we can establish the causality and dependence between the Asian emerging stock markets' volatilities and positive and negative gold shocks by employing a rich set of quantitative techniques, such as Granger causality and various Copula functions. We first employ the GARCH(1,1) with the skew-t model to quantify the conditional variance or volatility of the stock indices and gold price. Subsequently, we use the Granger causality test to examine the lead-lag relationship between stock market volatilities and gold shocks. Finally, single-regime Copulas and two-regime Copulas are both used to investigate the dependence structure. 
Generalized Autoregressive Conditional Heteroscedasticity (GARCH) Model
In this study, GARCH (1,1) with the skew-t specification is used to estimate the volatility of 10 Asian emerging stock markets' returns and gold return. Let R i,t and σ i,t be the return and conditional volatility of return i at time t, respectively. We can write the GARCH (1,1) for return i, as
where µ i is the constant parameter of the mean equation for return i. ε i,t is the error term that can be decomposed, as follows:
where σ i,t = E ε 2 i,t |ψ i,t−1 is the conditional variance of the error and z t = ε i,t / √ σ i,t is the standardized residual following the skew-t distribution (z t ∼ skewed − t(0, 1, d f , ϕ)). The parameters d f and ϕ are the degree of freedom and skewness parameters, respectively. ψ t−1 is the information set that is available at time t − 1. According to Bollerslev [35] , the conditional variance can be predicted by the lagged conditional variance and the square of the error term in the mean equation. In this study, we consider the GARCH (1,1) model to model the volatility, as one lag order can sufficiently capture the volatility clustering of the stock returns [36] . Thus, the conditional variance equation can be written as
where α i,0 > 0, α i,1 > 0, β i > 0 and α i + β i ≤ 1. To quantify the shock of gold return, we follow the suggestion of Lee et al. [37] and compute the positive and negative gold shocks as in the followings
where PGS t and NGS t are the positive and negative gold shocks, respectively.
Granger Causality Test Method
Following the rapid financialization of commodities, Granger causality and contagion effect between gold and stock markets have been empirically tested. As for causality, the most famous method used to examine the causality between two variables is the Granger causality test [38] that is based Vector Autoregressive (VAR) model. This model has the ability to investigate the linear causality and causal effect between variables. Granger causality is a statistical hypothesis test for testing whether a one-time series is useful in forecasting another, according to Granger [38] . Note that the causality between positive and negative gold price shocks; and, Asian emerging stock volatilities are examined, thus the specific testing equations for our study can be presented, as follows:
This method is to separate positive and negative price shocks. If the value of the gold price shocks is positive, then we will specify zero in one series and its positive value in the other series. Likewise, we will specify zero in one series and its negative value in the other if the value is negative. To test the causality between two variables in Equations (6) and (7) , we can set the null hypothesis H 0 : δ 1 = δ 2 = . . . = δ p , while the alternative hypothesis H 1 : H 0 is not valid. To test this hypothesis, the LR-statistic is used. We consider the Akaike information criterion (AIC) to select the optimal lag order of a VAR (p) model in Equations (6) and (7) . Subsequently, we choose the best lag while considering the lowest AIC.
Copulas Approaches
The Copula approach measures the correlation between gold price shocks and Asian emerging stock markets' volatilities. Following Sklar's theorem [22] , two continuous marginals can be joined by the Copula function C(·). Thus, a two-dimensional joint distribution function H(x, y) can be defined, as
where F x (x) and F y (y) are the cumulative marginal distribution of random variables x and y, respectively.
If F x (x) and F y (y) are continuous, the Copula function that is associated with H(·) is unique and might be computed by
where F −1 (·) is the inverse function. u and v are uniform [0,1] variables, where u = F x (x) and v = F y (y).
In this study, we aim to find the correlation between gold price shocks and Asian emerging stock volatilities; thus, we can construct the joint distribution of u t = F z (z i,t ) and v + t = F PGS (PGS t ), and the joint distribution of u t = F z (z i,t ) and v − t = F NGS (NGS t ), as in the followings:
Note that z i,t denotes a standardized residual obtained from the marginal model. There are various Copula functions proposed to join the marginal distributions and the selection of Copula type is essential. In this paper, we use five families of Copulas to consider different patterns of dependence between stock market volatility and the gold shocks. Copula functions commonly used in research are Normal, Student-t, Gumbel, Clayton, and Frank. Additionally, AIC is used as the criterion for selecting the best-fit Copula function. Table 2 presents the Copula specifications. 
No tail dependence Note: 2 < v ≤ 30 is the degree of freedom of Student-t Copula. D is the Debye function.
Smooth Transition Dynamic Copula Model
We now propose using our Copula model called Smooth Transition Dynamic Copula (STDC) model to capture such nonlinearities in the dependence structure. We extend the single-regime Dynamic Copula of Patton [28] by extending the Smooth Transition model of Silvennoinen and Teräsvirta [33] to the time-varying equation of the Dynamic Copula model. Basically, our model is constructed in a similar way, as introduced in the Markov Switching Dynamic Copula model of Silva Filho, Ziegelmann, and the logistic cumulative distribution function is used to replace the Hamilton's filtered probability [31] .
This function is used as a smooth transition function to allow for the parameters in the time-varying equation to switch across the regimes. Before introducing our model, let us provide a review of the Dynamic Copula model. According to Patton [28] , the time-varying equation is constructed from the ARMA (1,m) process
where ω 0 , ω 1 , and ω 2 are the estimated parameters. Λ is an appropriate transformation function to ensure that the parameter always remains in its interval: Λ(a) = 1 − exp(−a)(1 + exp(−a)) −1 for Normal and Student-t Copulas, Λ(a) = exp(a) for Clayton Copula, Λ(a) = (exp(a) + 1) for Gumbel Copula, and Λ(a) = a for Frank Copula. θ t is the dependence measure of interest and Γ is the forcing variable, which is defined as
We generalize the single-regime Copula dependence in Equation (12) by introducing the logistic transition function G (θ t , γ, the logistic cumulative distribution function is used to replace the Hamilton's filtered probability [31] . This function is used as a smooth transition function to allow for the parameters in the time-varying equation to switch across the regimes. Before introducing our model, let us provide a review of the Dynamic Copula model. According to Patton [28] , the time-varying equation is constructed from the ARMA (1,m) process
where 0 ω , 1 ω , and 2 ω are the estimated parameters. Λ is an appropriate transformation function to ensure that the parameter always remains in its interval:
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We generalize the single-regime Copula dependence in Equation (12) 
where the logistic transition function is defined as
where 1 t θ − is the dependence parameter at time t-1 or the threshold variable. Note that, when γ → ∞ , our proposed model becomes the sudden-switch Dynamic Threshold Copula. When 0 γ → , our model becomes the single-regime Dynamic Copula of Patton [28] .
We use the Inference function margins (IFM) method to estimate this model. Thus, the estimation of the STDC is conducted in two steps: First, we estimate the marginal parameters that are based on GARCH (1,1) with skew-t. Second, we fix the estimated marginal parameters in the Copula likelihood function and estimate the dynamic Copula parameters. The statistical properties of this estimation procedure can be found in Patton [28] . ϒ
Empirical Results and Discussion
GARCH-skew-t Model Results
We present the estimates, by the GARCH (1,1) conditional volatility model, of the returns of the 10 Asian emerging stock markets and gold in Table 3 . All of the estimates of the parameters are obtained while using MLE. All of the coefficients in the variance equations i.e., the intercept ( 0,i α ), the ARCH effects 1, ( ) i α , and the GARCH effects ( ) i β are positive and highly significant, which indicates that all stock indices and gold price exhibit high volatility persistence. Note that the ARCH effects and GARCH effects represent the effects of the past error term and its past volatility on current volatility, respectively. Afterwards, the goodness-of-fit is conducted to test whether the obtained standardized ), which is assumed to be continuously differentiable with respect to the speed of smoothness (γ) and threshold ( way, as introduced in the Markov Switching Dynamic Copula model of Silva Filho, Ziegelmann, and the logistic cumulative distribution function is used to replace the Hamilton's filtered probability [31] . This function is used as a smooth transition function to allow for the parameters in the time-varying equation to switch across the regimes. Before introducing our model, let us provide a review of the Dynamic Copula model. According to Patton [28] , the time-varying equation is constructed from the ARMA (1,m) process
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GARCH-skew-t Model Results
We present the estimates, by the GARCH (1,1) conditional volatility model, of the returns of the 10 Asian emerging stock markets and gold in Table 3 .
All of the estimates of the parameters are obtained while using MLE. All of the coefficients in the variance equations i.e., the intercept ( 0,i α ), the ARCH effects 1, ( ) i α , and the GARCH effects ( ) i β are positive and highly significant, which indicates that all stock indices and gold price exhibit high volatility persistence. Note that the ARCH effects and GARCH effects represent the effects of the past error term and its past volatility on current volatility, respectively. Afterwards, the goodness-of-fit is conducted to test whether the obtained standardized ) parameters. Hence, the time-varying equation of STDC can be written as
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Empirical Results and Discussion
GARCH-skew-t Model Results
We present the estimates, by the GARCH (1,1) conditional volatility model, of the returns of the 10 Asian emerging stock markets and gold in Table 3 . All of the estimates of the parameters are obtained while using MLE. All of the coefficients in the variance equations i.e., the intercept (α 0,i ), the ARCH effects (α 1,i ), and the GARCH effects (β i ) are positive and highly significant, which indicates that all stock indices and gold price exhibit high volatility persistence. Note that the ARCH effects and GARCH effects represent the effects of the past error term and its past volatility on current volatility, respectively. Afterwards, the goodness-of-fit is conducted to test whether the obtained standardized residuals have no autocorrelation and heteroscedasticity. The Ljung-Box Q statistic at lag 10 (Q10) and ARCH-LM at lag 1 (ARCH(1)-LM) are respectively used for those purposes. As shown in columns 9 and 10 in Table 3 , the p-values for Q(10) of autocorrelation test and ARCH(1)-LM test of heteroscedasticity are greater than 0.05, which indicate that there are no autocorrelation and heteroscedasticity of the standardized residuals. Note: (*) stands for statistical significance at the 5% level. Q(10) is the Ljung-Box Q statistic for the null hypothesis that there is no autocorrelation up to order 10 for the standardized residuals. Table 4 presents the results of the Granger causality tests. We reject the null hypothesis when the p-value falls below 0.10. Stock→PGS indicates the null hypothesis that stock volatility does not Granger-cause positive gold price shock, whereas PGS→Stock indicates that the null hypothesis of that positive gold price shock does not cause stock volatility. Likewise, Stock→NGS and NGS→Stock point out the Granger causality between negative gold price shock and stock volatility. The results of causal relationships between the gold price shocks and the Asian emerging stock markets' volatilities can be summarized in three parts. (1) There is no Granger causality between the positive gold shock and the Asian emerging stock markets' volatilities. (2) A unilateral Granger causality is found from stock market volatility to negative gold shock for the cases of Indonesia, India, Korea, Hong Kong, and Vietnam. (3) The bidirectional causality between the stock market volatility and negative gold shock is found in the case of Thailand (SET). Therefore, we can conclude that there is no causality between the Asian emerging stock markets' volatility and positive gold shock. However, there is weak evidence of the causal relationship between Asian emerging stock markets' volatilities and negative gold shock. 
Estimates of Causality Using Granger Causality Test
Estimates of Causality Using the Rolling Window Granger Causality Test
The sample period of almost two decades in this study naturally leads us to think that there might exist a structural change in the causal relationship between the Asian emerging stock markets' volatilities and gold shocks. In other words, the causal relationships between the two considered variables may change over time and the structural change might affect temporal Granger causality effects that can be sensitive to the sample period adopted [39] . Thus, in this section, the rolling window Granger causality test is considered to investigate the time-varying Granger causality. The temporal stability of the parameters in the Granger causality-based VAR model is examined to confirm the structural change effect in Granger causality. We conduct the Sup-F test that was introduced by Andrews and Ploberger [40] to examine the stability of the parameters. The null hypothesis is that the parameter is constant, while the alternative hypothesis is that there is regime-switching of parameters. Thus, if the parameters are found to be unstable, then they may cause the pattern of causality to change over time. Table 5 provides the results of the stability test. According to Table 5 , we can observe that the estimated VAR models for all pairs provide unstable parameters, as the null hypothesis of the Sup-F tests is rejected. This indicates the existence of structural change in the Granger causality-based VAR model, which implies that the results of the full-sample Granger causality reported in Table 4 may not be reliable. Therefore, the additional examination by time-varying Granger causality tests during the sample period is conducive to revealing the time-varying nature of the causality between the Asian emerging stock markets' volatilities and gold shocks in more detail. We adopt the method that was proposed by Nyakabawo et al. [41] to proceed with the rolling-window Granger causality tests we apply the above testing procedure to rolling subsamples of 52 weeks, approximately one trading year. We test for the presence of Granger causality in the Asian emerging stock markets' volatilities and gold shocks for all pairs within our sample, and Figures 1 and 2 illustrate the bootstrapped p-values of the rolling test statistics. Figures 1 and 2 illustrates the Granger causality stock volatility and positive gold shock, while the right panel of these two figures illustrates the Granger causality stock volatility and negative gold shock. Note that the red line presents the null hypothesis that the stock volatility does not Granger-cause gold shock, while the blue dashed line presents the null hypothesis that the gold shock does not Granger-cause the stock volatility. The solid black line and orange dashed line corresponds to the 5% and 10% significant levels, respectively. We divide our analysis period into three sub-periods, namely pre-crisis (before 1 August 2007), global financial crisis (1 August 2007-31 December 2012), and post-crisis (after 4 January 2013), to gain more interesting Granger causality results [42, 43] . According to the results, the Granger causality between positive gold shock and the Asian emerging stock markets' volatilities can be summarized, as in the following presentation. In other words, the stock markets of India, Korea, Indonesia, Hong Kong, Qatar, China, and Vietnam contributed a great negative shock to the gold market during the crisis period. Conversely, we find the strong evidence that both positive and negative gold shocks have an obvious causal effect on Indian, Korean, Chinese, Saudi Arabian, and Vietnamese stock volatilities. According to these results, we can observe the bidirectional causality between stock volatility and negative gold shock in India, Korea, China, and Vietnam, which indicated that gold might not serve as a safe haven for Indian, Korean, and Chinese stock markets in some years during the global financial crisis period. Interestingly, our results seem to be different from those of Baur and Lucey [10] , Baur and McDermott [44] , and Beckmann, Berger, and Czudaj [9] , which concluded that gold acts as a safe haven during the financial crisis period when there is only the unidirectional causality between gold and stock. The reason might be that the stock markets of India, Korea, China, and Vietnam are mutually interdependent. In addition, the investors' outlook, during the crisis period, is similar, as they would have less uniformity in their future expectations [16, 45] . (5) Finally, the results for the post-crisis period show significant causality running from all stock volatilities to gold shocks in some years. However, the results display weak evidence supporting the Granger causality, as the p-values (blue dashed line) tend to increase after the financial crisis, when we consider the Granger causality running from gold price shocks to stock volatilities. Thus, the information contained in gold shock cannot be used to predict the future values of the stock volatility, and the possibility of arbitrage is ruled out. The key finding of rolling window Granger causality in three periods is reported in Table 6 . Table 6 . Summary results of rolling window Granger causality in three periods.
Period Findings
Pre-crisis Seven out of the ten Asian emerging stock markets' volatilities had the contagion effect on the gold market
During crisis
The bidirectional causality between stock volatility and negative gold shock in India, Korea, China, and Vietnam is detected, indicating that gold may not serve as a safe haven for Indian, Korean, Chinese stock markets in some years during the global financial crisis period
Post-crisis There is significant causality running from all stock volatilities to gold shocks in some years. However, when we consider the Granger causality running from gold price shocks to stock volatilities, the results display weak evidence supporting the Granger causality as the p-values (blue dashed line) tend to increase
Measurement of Static Dependence Between Stock Volatilities and Gold Shocks
As the Granger causality investigation in the previous sub-section only provides the testing results, in this subsection, we further investigate the dependence structure of the stock volatilities and gold shocks while using a copula approach. By doing this, we can obtain the degree of dependence, the direction of dependence, as well as tail dependence. Note that five static Copula models (Normal, Student-t, Clayton, Gumbel, and Frank) are applied to the standardized residuals that were obtained from the fitted GARCH (1,1)-skew-t models (Section 4.1). Each of these copulas presents a different dependence structure between two random variables. Gumbel and Clayton copulas are used for capturing the asymmetry and dependence in the extreme tails. Clayton exhibits a more significant dependence in the lower tail, while Gumbel exhibits a greater dependence in the upper tail. In the case of Normal, Student-t, and Frank copulas, they do not show the tail dependence, and they are introduced to capture the symmetric dependence.
The best or the most appropriate copula functions are identified while using the AIC. Table 7 provides the result of the copula selection. The best copula specification is indicated in bold. Firstly, we focus on the dependence between stock volatility and positive gold shock, and the Static Frank Copula is the best for SSEC-PGS, JKSE-PGS, KOSPI-PGS, HSI-PGS, PST-PGS, TASI-PGS, QE-PGS, and VNI-PGS, and Gumbel is the best choice for BSESN-PGS and SET-PGS. Subsequently, we consider the dependence between stock volatility and negative gold shock. We find that the best-fitting copula for JKSE-NGS, HSI-NGS, PSI-NGS, SET-NGS, and VNI-NGS pairs is the Normal copula, while the best-fitting copula for BSESN-NGS and KOSPI-NGS is Clayton. For SSEC-NGS, TASI-NGS, and QE-NGS, we find that Frank copula is the best. Table 8 provides the best-fit copula estimation results. Table 8 provides the estimated values of the dependence parameters for each pair of gold shocks (positive gold price shock and negative gold price shock) and the Asian emerging stock markets' volatilities estimated by the best fit copulas. The finding that the Frank and Normal Copulas are selected in most cases (except for BSESN-PGS, BSESN-NGS, SET-PGS, and KOSPI-NGS) indicates that there is no tail dependence between the stock volatilities and gold shocks for 16 out of 20 pairs. In the cases of BSESN-PGS, BSESN-NGS, SET-PGS, and KOSPI-NGS pairs, there is evidence of the upper and lower tail dependences for the pairs of BSESN-PGS, and SET-PGS and for the pairs of BSESN-NGS and KOSPI-NGS, respectively.
We compute the different dependence measures expressed by Kendall's tau and tail dependences, lower and upper, associated with the selected Copula, to obtain a better picture of the dependence. As there is no tail dependence of the Normal and Frank copulas, only Kendall's tau values of 16 pairs are computed. For BSESN-PGS, BSESN-NGS, SET-PGS, and KOSPI-NGS pairs, we compute both Kendall's tau and either upper or lower tail dependence. Overall, we find that the correlations between stock volatility and gold shock are low for all cases, ranging from -0.01 to 0.11. The highest correlation between gold shock and stock volatility is found in the Thai market, with values of 0.09 and 0.11, respectively, for SET-PGS and SET-NGS. In contrast, the lowest correlations are found in the markets of Saudi Arabia and Qatar.
Interestingly, only the TASI-NGS pair exhibits a negative correlation, with the value indicating that the gold shock has a weak negative and insignificant impact on the Saudi Arabian stock volatility. This entails that the gold price changes might not lead to the volatility of Saudi Arabian stocks.
We then compute the tail dependence of these pairs to capture the dependence of extreme events in financial returns during the boom (upper tail) or market crash (lower tail) periods, as the Clayton Copula has been selected for the BSESN-NGS and KOSPI-NGS pairs and the Gumbel Copula has been selected for the BSESN-PGS, and SET-PGS pairs. The upper tail dependence is found between the Indian and Thai stock markets and positive gold shock with values of 0.06 and 0.11, respectively, for SET-PGS and BSESN-PGS. Hence, there is a higher probability of joint extreme events during the bear market than during the bull market. This is to say, the positive gold shock and Indian and Thai stock volatilities are more dependent during market downturns than during market upturns. The result also suggests strong evidence of the lower tail dependence, but the absence of the upper tail dependence in the cases of BSESN-NGS and KOSPI-NGS pairs, highlighting the importance of contagion and possibly herding during severe contractionary business cycles. According to the financial risk contagion definition, the contagion risk can be viewed as the linkage effect between financial markets caused by systemic risk and, therefore, the lower tail correlation between financial markets can be used to measure financial risk contagion [8] . The results of BSESN-NGS and KOSPI-NGS pairs point to the upper tail dependence with the values of 0.06 and 0.11, respectively. This indicates that a sharp rise or fall in Indian and Korean stock volatilities will cause a sharp rise or fall in negative gold shocks and vice versa. Additionally, the gold is likely to crash with the Indian and Korean stock markets during the market downturn, which implies that gold cannot be a safe haven in these two markets. This result is consistent with those in Section 4.2. For other pairs, there is no evidence of tail dependence; hence, joint extreme events are less likely to occur in those 16 pairs. Thus, all stock markets (except for Thailand, Korea, and India) are not significantly affected by the extreme events in the gold market in general. In other words, if positive and negative gold shocks are experienced during the extreme market upturn and downturn, respectively, then we should not expect that the shock would happen in China, India, Indonesia, Hong Kong, Philippines, Saudi Arabia, Qatar, and Vietnam simultaneously.
Measurement of Time-Varying Dependence Between Stock Volatilities and Gold Shocks
We now turn our attention to investigating the time-varying dependence structure between stock volatilities and gold shocks. In this sub-section, three Copula structures, namely the Static Copulas, Dynamic Copulas [28] , and Markov Switching Dynamic Copulas [30] are considered and compared with our proposed Smooth Transition Dynamic Copulas. Again, the most appropriate model is selected while using the AIC. We noted that the explanation of the Markov Switching Dynamic Copulas is provided in Appendix A.
From the comparison results that are presented in Table 9 , we can find that all AIC for the MSDC and our proposed model, STDC, are lower than those for the corresponding Static Copulas for all pairs, which indicates a structural shift in the dynamic dependence structure between stock volatility and gold shock. This result confirms the Granger causality and stability tests provided in Sections 4.2 and 4.3, respectively. Thus, this paper prefers the time-varying Copulas with regime-switching to the Static Copula for exploring the dependence structure between stock volatility and gold shock.
We then compare the performance of our STDC model with that of the MSDC model. As presented in Table 9 , we find that the Markov Switching Dynamic Frank Copula (MSDC-F) is optimal for SSEC-PGS, PSI-PGS, and VNI-PGS, the Markov Switching Dynamic Gumbel Copula (MSDC-G) is optimal for BSESN-PGS, the MSDC-N is optimal for SET-NGS, the Smooth Transition Dynamic Frank Copula (STDC-F) is the optimal for JKSE-PGS, KOSPI-PGS, HSI-PGS, TASI-PGS, QE-PGS, SSEC-NGS, TASI-NGS, and QE-NGS, the Smooth Transition Dynamic Gumbel Copula (STDC-G) is optimal for SET-PGS, the Smooth Transition Clayton Copula (STDC-C) is optimal for BSESN-NGS, and KOSPI-NGS, while the Smooth Transition Dynamic Normal Copula (STDC-N) is the optimal for JKSE-NGS, PSI-NGS, HIS-NGS, and VNI-NGS. In essence, our proposed STDC model is superior to the MSDC model in 15 out of 20 pairs, according to the AIC. Table 10 presents the estimated parameters with the optimal MSDC and STDC for each pair, as determined by Table 9 . The parameters ω 01 and ω 11 represent the dependence level of regime 1 and 2, respectively. ω 02 and ω 12 represent the degree of persistence of regime 1 and 2, respectively; and, ω 03 and ω 13 capture the adjustment in the dependence process of regime 1 and 2, respectively. As shown in Table 10 , the values of all parameters are mostly significant, and the values of ω 01 and ω 11 are quite different, which indicates that the dependency parameters do not follow the same dynamic process and there exists the structural change in the dynamic dependence. This result shows that it is reasonable to set a nonlinear or regime-switching time-varying process for the dependency structure, since the nonlinear or regime-switching time-varying dependence could better capture the relationship between the Asian emerging stock markets' volatilities and gold shocks. [31] . sed as a smooth transition function to allow for the parameters in the time-varying h across the regimes. Before introducing our model, let us provide a review of the model. According to Patton [28] , the time-varying equation is constructed from the ess ( ) θ is the dependence measure of interest and Γ is the forcing defined as (13) e the single-regime Copula dependence in Equation (12) (  )   01  02  1  03  11  12  1  13 1 , , ,
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In examining the possible evolution of the dependence over time, this paper plots the time-varying Kendall's tau estimates between the Asian emerging stock markets' volatilities and gold shocks over the sample period generated from the best-fit model that is presented in Table 10 . 1) The evolution of conditional Kendall's tau values that were obtained from the four models show different time-varying paths. In general, we observe that the conditional Kendall's tau values from MSDCs are higher and more fluctuating than those that were obtained from other copula structures, as well as our proposed model. The graphs show the biases that arise from the use of the Markov Switching Dynamic Copula model; that is, this model tends to overestimate the dependence along our sample period. (2) Among them, the SSEC-NGS pair exhibits the highest volatility pattern, whereas the time-varying dependence reaches a low of -0.2 and a high of 0.4. In contrast, the PSI-PGS pair exhibits the lowest volatility pattern, whereas the time-varying dependence ranges from -0.1 to 0.15. (3) The conditional Kendall's tau values that were obtained from our STDC model were mostly negative and found in four cases: BSESN-PGS, KOSPI -PGS, TASI-PGS, and QE-PGS, which suggests that gold is negatively related to most of the stock markets and, thus, gold could act as a safe haven in the stock market of India, Korea, Saudi Arabia, and Qatar. (4) Regardless of the sign of the correlation obtained from the STDC model, we find that the magnitude of the correlations (blue line) of all pairs (except SET-PGS, JKSE-NGS, HSI-PGS, and HIS-NGS) is stronger during the financial crisis period (2007) (2008) (2009) , when compared to the normal period. In addition, it is found that the dynamic correlations of the SSEC-PGS, SSEC-NGS, BSESN-PGS, BSESN-NGS, JKSE-PGS, KOSPI -PGS, KOSPI -NGS, PSI-PGS, PSI-NGS, TASI-NGS, QE-NGS, SET-NGS, VNI-PGS, and VNI-NGS pairs are greater than zero, while those of the TASI-PGS and QE-PGS pairs are lower than 0 during the financial crisis period. This result indicates that gold can be used as an investment hedge in Saudi Arabian and Qatari stock markets, since a positive gold shock is negatively related to these two stock markets' volatilities. However, it is instead invested just like a stock in Chinese, Indian, Indonesian, Korean, Saudi Arabian, Qatari, Thai, and Vietnamese stock markets, as a positive gold shock is positively related to these markets. Interestingly, we observe that gold can be used as hedging and non-hedging trading assets for Saudi Arabian and Qatari stock markets during the financial crisis. (5) As suggested by Xu and Gao [8] , the occurrence of financial risk contagion can also be captured by the extremely positive co-movement of two financial assets. This concept is consistent with measuring the lower tail dependence between two financial assets. Thus, Clayton Copula seems to be the best choice for measuring tail dependence. However, the Clayton Copula is selected in two pairs: BSESN-NGS and KOSPI-NGS, according to the model comparison result provided in Table 10 . We observe that the Indian and Korean stock markets have left tail dependence with the negative gold shock, which indicate the existence of the risk contagion effects between gold and these two stock markets. Figure 5 also confirms that financial contagion occurred during the 2007-2009 global financial crisis. The key finding of time-varying Copula dependence in three periods is shown in Table 11 . 
Period Findings
Pre 
Post-crisis
The correlation between stock volatility and gold shock dropped in many markets. However, it is obvious that the dependence increased again in 2015, but the magnitude is smaller compared to the financial crisis period.
The out-of-Sample Forecasting Performance
The out-of-sample forecasts of conditional correlation are also considered for investigating the performance and validity of our proposed STDC model. The forecasting performance of Dynamic Copula and Markov Switching Dynamic Copula models is also considered as the competitive model. In this section, the out-of-sample is demonstrated via Monte Carlo simulation for setting a one-day-ahead forecast of the conditional correlation, where the parameters are estimated each week separately based on a rolling sample with a fixed size of 104 (approximately two-year period). We use the first in-sample period starting from January 2001 to December 2002. We use the model confidence set MCS of Hansen et al. to compare the performance of the three models [46] . The range statistic test is used, and the loss function is computed from mean squared error (MSE), which can be presented as
where θ t and θ t are the estimated conditional correlation and the realized conditional correlation, respectively. N is the number of out-of-sample. It should be noted that this rolling correlation might not reflect the real value of the actual correlation, since it can only be computed from intraweek data and that the rolling correlations are computed from data spanning several months. However, the rolling correlations are still useful in observing the pattern of actual correlation. Tables 12 and 13 show the MCS test results. Note that the higher the p-value indicates the more likely to reject the null hypothesis of equal predictive ability. This is to say, the higher the p-value, the better the model. For more details of the MCS test, refer to Hansen et al. [46] . The MCS test results are presented in Tables 12 and 13 . The forecasting superiority of the STDC model over the other two competing models is found for almost all pairs (except for SET-NGS, PSI-PGS, and VNI-PGS). We find that our STDC model exhibits greater forecasting accuracy, as its p-values obtained for various pairs are relatively larger when compared to other competing models. This result confirms the high performance of our proposed model for forecasting the correlation between the Asian emerging stock markets' volatilities and gold shocks.
Conclusions
The causality and the dependence structure between them are worth discussing, as gold can play the role of a hedging (positive relationship) or non-hedging (negative relationship) trading asset in the stock market [47] . However, early studies on the nexus between gold and stock markets did not consider the contradicting impacts of gold price shocks. Moreover, previous literature regarding the relationships between gold and stock markets around the world falls short of adequately discussing the case of Asian emerging countries. Thus, in this study, the asymmetric dependence and causality between gold price shocks, namely positive and negative, and the Asian emerging stock markets' volatilities are investigated. The understanding of the dependence and causality between these two markets is crucial in helping risk managers to obtain reliable dependence measures, and regulators and policymakers to design stress-testing frameworks that enhance the stability of financial institutions and financial systems as a whole.
In this study, we employ the time-varying Granger causality test and propose the Smooth Transition Dynamic Copula (STDC) model to examine the causality and dependence structure between the gold shocks and the Asian emerging stock markets' volatilities, respectively. These methods offer the possibility of examining the contagion effect of the gold price dynamics before, during, and after the global financial crisis in 2007.
The presence of a structural change in Granger causality can be detected for all pairs, according to the causality results. The Granger causalities between the Asian emerging stock markets' volatilities and both positive and negative gold shocks have substantially changed over the sample period for all cases. We find that the Granger causality effect of each series on the other is accepted during some parts of the sample period. Seven out of ten Asian emerging stock markets' volatilities present the causal effect on the gold market before the global financial crisis. During the financial crisis, we can observe the bidirectional causality between stock volatility and negative gold shock in India, Korea, China, and Vietnam, which implies that gold might not serve as a safe haven for these markets. Finally, the results for the post-crisis period show significant causality running from all stock volatilities to gold shocks in some periods.
From the measurement of the dependence between stock and gold markets, according to the Static Copula result, there is evidence of positive dependence between the gold and the stock markets of the Asian emerging countries (except for Saudi Arabia). This suggests that the gold and the Asian emerging stock market indices do not provide diversification benefits along our sample period. However, more interesting results are obtained when we turn our intention to the time-varying dependence measure. Note that the STDC model is what we introduced in this study. Thus, our proposed model is compared to the three conventional Copula models, namely Static Copula, Dynamic Copula, and Markov Switching Copula, before interpreting the result. The model comparison result supports that our proposed model performs better than the conventional Copula models in 15 out of 20 cases. According to the time-varying results, the conditional Kendall's tau values that were obtained from our STDC model present the negative values of Kendall's tau in four pairs consisting of BSESN-PGS, KOSPI -PGS, TASI-PGS, and QE-PGS, which suggested that gold is negatively related to most of the stock markets. Therefore, gold can act as a safe haven for these markets. We also find that the correlation of some pairs is relatively stronger during the financial crisis when compared to the normal periods. Our results also show that gold can be used as an investment hedge in Saudi Arabian and Qatari stock markets as a positive gold shock is negatively related to these two stock markets' volatilities. However, it is instead invested just like a stock in the Chinese, Indian, Indonesian, Korean, Saudi Arabian, Qatari, Thai, and Vietnamese stock markets, as the positive gold shock is positively related to the returns from these markets. Finally, there is evidence of tail dependence between Indian stock and negative gold shock and between Korean stock and negative gold shock, indicating the existence of the risk contagion effects between gold and these two stock markets.
Finally, our results show that using the time-varying Granger causality and the proposed Smooth Transition Dynamic Copula to capture causality and dependency is a useful and flexible approach.
There are several opportunities for future research, such as investigating the relationship between other precious metal shocks (silver and platinum) and stock markets while using our proposed model. As the logistic transition function is adopted for constructing our model, further research might improve our model by replacing this transition function with other functions, like probit and exponential functions (see, Maneejuk, Yamaka and Sriboonchitta [48] ). Finally, as the rolling window linear Granger causality test is used to investigate the causality, the further study might use the rolling window nonlinear Granger causality test and rolling window quantile causality test.
